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ABSTRACT
\‘ [Confidential]
The further development -of the long-range search
program consisted of the design and counstruction of a 5-ke
~sonar systemt ard 118 emiployment as a resear~h-tool in
sonar studies. The ransducer, a multielement airay, was
housed in a towerl lody. The towing and electronics ay=-
tems vehicle is a converted LSM.

The studies showed that there are three necessary
elements in sonar detection: the existence of an acoustic
path, a sonar system to exploit the path, and a reliable
vehicle to transpoit the sonar to the path. The importance
of the limitaticns ‘mposed by weather, sea state, and area
accessibility upon the third factor have not been sufficiently
streseld.

A major part of the research effort was expended in
improving the towing system and in twilding up the body of
knowledge required to design and build a workable and con-
sistently reliable cable. The placement of conductors
within the cable. with the small-gage, annealed conductors
in the center, was found to be important in extending the
electrical operating life of the cable.

The oceanographic and sonar detection data oblained
are not incoasistent with n:-iur hypotheses. Diho ranging
in the absence of a surface duct was not improved by the
lowered frequency.

PROBLEM STATUS
This is a final report on this problem, which has been
ciosed as of April 4, 1958
AUTHORIZATION
NRL Problem S05-12
Projects NE 051-6800-5 and NE 051-600 .
BuShips Nos, §-1619and 8-1674

Manuscript submitted May 27, 1958
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" A 3-KILOCYCLE LONG-RANGE SEARCH SONAR
{[Unclassified Title]

CHAFTER1
BASIC CONSIDERATIONS

BACKGROUND

In the past few decades, the balance between submarine and antisubmarine warfare
has been uncasily maintained, and at the close of World War If the submarine appeared to
have the upper hand. Advances in submarine performance ziready achieved by the
Germana became known at that time. Subsequently, the potential effectivenees of long-
range subsurface weapons was recognized. Because of these two developments and antici-
pated further improvements in both submarine and weapon, and in order to curb a
recurrent surge of unbalance in favor of the submarine, attention was focused by 1948 on
countermeasures, with emphasis on detection at long range. I line with this purpose,
the bng-range-aearch program was instituted at the U.S. Naval Research Laboratory.
This i3 a continuing program at NRL for studying the long-range-search possibilities
offered by active sonar.

Sound {s propagated under water far better than tny other form of enwrgy; because of
this fact, its applicution io long-sange detection was studied by an ONR committee in 1948,
A report prepared by that commiftee (1} showed a possibility of exploiting favorable acous-
tic paths when they exist ta achieve substantial increases in detection range. In an effort
to expioit this possibility to the fullest, the long-range-search program was instituted at
NRL. In this program, the effectiveness of the sonar was to be enhanced by using low
frequency, high power, a large transducer, and improved signal-processing devices, Con-
ventional limitations of weight and space were to be bypassed (2).

The initial frequency used was chosen to be 10 ke, because thia was the lowest fre-
quency at which conventional transducer types could deliver high p wer. However, since
at the start of the problem it was known that future research at 5 ke was being planned,
research on 3-kc donars was instituted. The firat phase of the program was centered
about a 10-ke equipment, designated LRS 1-10 (Aef, 3). The next phase of the program,
the presently described one, is concentrated on a 5-kc gear, known as LRS 2-5. A pro-
gram {8 underway for a 1-k¢ equipment, the LRS 3.i. In addition, considerable work has
been done on 2 2-kc dipped sonar for blimps 2nd helicopters. Here the interesting inter-
play of elements in ressarch come to the fore, karliest analysis indicated some advan-
tages toa 5-kc sonar (Fig. 1). Because of construction, design, and other practical con-
siderations, the H-kc research was deferred to the second step, and 10 ke was taken up
first. However. during the LRS 1-10 phase, mors specific information was obtuined on
acoustic losses i ducts. ‘These new data gave rise to a different prediction of the advan-
tages of § ke over 10 ke and made the 1-kc device appear even more desirable,

The assumptions or concepts upon which the prograw rested were twofold. To get
long ranges, thavs must exist favorable acoustic paths, and the sonar must have low Ire-
quency snd suitable equipment parametars to take mmnn of the low frequency. To
yorify thoss assumplions, it was necessary to design snd coastruct instrumentation in the
form of scuar equipment as a vesearch tool, This aquipment was alsc needed for learning
more about the ocean characteristics that xtfzct sound propagation.

CONFIDENTIAL 1
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CONDUCT OF PROGRAM PRIOR TO
5.KC PHASE

Tho program objectives were approached by 2 three-step procedure. First, an anal-
yais was made of the probable ranges which could be obtained with feasible equipments,
disregarding conventional limitations of weight and space. The analysis was followed by
a statement of the research problems to be studied with the projected equipment. Second,
the fecasibility of such an equipment was demonstrated by building an experimental sonar

. embodying the ideas of the above analysis. And third, further information about the fac-

tors which control echo ranges was obtained by means of the experimental system.

The LRS 1-10 obtained echoes from submarines at satisfactorily long ranges in
aurface-bounded ducts (Fig. 2, see Fig. 28 of Ref. 3). Reverberation did not limit echo
ranges iu the degree which was anticipated. In general, the results obtained with the
10-kec gear wasranted proceeding to still lower frequency and experimenting with installa-
tions which incorporated lessons learned in the prior part of the program. During the
LRS 2-5 ptiase, ideas heretofore not tested were to be tried out; the principal concern for
feasibility was with the design and test of a 5-kc sonar and with the problems associated
with towed sonar. On the research side, it was concerned with studying propagation at
5 ke and conducting further research into various sonar problems which the new equipment
made experimentally possible.

ECHO EXCESS (DB}

20 #C \

- Ll L LN
1 L] s} 100
RANGE {KLOYARDS)

Fig. 1 - Dependence of echo excews and range on frequency.
All parameters except frequency kept constant,
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Fig. 2 - Detection capabilities of LRS 1-10

PRELIMINARY ANALYSIS

The preliminary analysis followed the same reneral patterns as the analvsis presented
in Ref. 3. The subjects considered were the lower {tequency, acoustic paths, equipment
characteristics, and range estimates. The estimated ranges ar those to be obtained at
S ke with the designed equipment employing the several acoustic paths, The details of
this preliminary analysis are given in Appendix A.

5-KC PLANS

The program was planned to include stadies of transmission over paths which were
not successfully exploited in the LRS 1-10 program, namely, reflection via the bottor and
propagastion via the skip path. In surface-bounded ducts. information is desired on the
relationship betwaeen the structure of the duct, the magnitude of i:.2 leakage coefficient,
and the frequency dependence of the leakage coefficient. Reverberation was to be studied
generally,

A different vehicle and plarform were 1o be used {a this ghase of the program than in
the LRS 1-1C phase. The sonar was to ba towed from a landing-type surface ship.

LR I
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CHAPTER 1
EQUIPMENT
INTRODUCTION
The previovs chapter described the objectives of the long-range-search program, the
accomplishments of the LRS 1-10, and the reasons for building the 5-kc system. In this
chapter, the L.FS 2-5 system will be described. Complete engineering details of the sonar
system are given in a report devoted entirely to the LRS 2-5 equipment {4). The present
report containi detalls only of parts of the sysiem not described in Ref. 4
It appearzd {feasible to build a sonar with the following characteristics (Appendix Al:
I =138 dbvs 1 uzbar
A =24 db
é=+18db
T =20 db
+N = .30 db vs 1 pbar in a 1-cycle band
This would give the system an echo excess E; (Appendix A}, along the axis of the
transducer at 1 yard from the face, of 192 db relative to 1 dyne/sq cm. The equipment
part of the program i8 thus a project to design and build a system which satisfies the
above E| and to learn how to handl- it.
INNOVATIONS
I building a system with the characteristics listed above, several changes from the
10-kc gear were required. For many reasons, it was not sufficient merely to change the
frequency and make a few minor alterations; a compietely new design was required. The
desigr: which resulted in the LRS 2.5 equipment differed from that of the LRS 1-10 in the
following components:
1, transducers
2, vehicle
3. heauiing methods

. equipment layout

4
5. emplovment of rotateig mackinery as
the transmitting pow::r source.

- The transducers of the I RS 2-5 gear were considei'ably larger than those of the
LRS 1-10, which resulted in about equal directivity indices. In the LRS 1-10, the active

elements were ADP crysiais - in the LRS8 2.5, thoy were eiiiier magnetortrictive nickel

4 CONFIDENTIAL
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rings or lead-barium titanate ceramic tubes. The ADJ crystal plates used in the 10-ke
trarsducers were as large as the commercial growers supplied. It was not considered
feasible or economical to grow iarger ADP ¢ -stals for resonance at 5 kc, and so new
element designs were required (5, 6).

In selecting ways of housing the tra~sducer, it was necessary to take into account
both the vehicle to carry the sonar and the methods of handling it aboard that vehicle. Con-
sideraticis which favored luwing the transducet from a surlace ship were

1. size of the transducer

2. serious questions of servicing a large
hull-mounted transducer with available
drydocking facilities

3. the fact that successful experience had
already been gained on submarine-
installed gear, which suggested experi-
menting ‘with an alternate tvpe of vehicle.

The decision was made to employ a landing-1ype vessel as the vehicle and to build g center
well through which the transducer and housing could be hoisted and towed,

With the assignment of the LSM as the vehicle, a towing svstem was developed. Orin
nally a tandem-tow-cable assembly which consisted of a load-bearing wire vope and an
electrical cable was used (7). This assembly wac zuperseded Y an electrical cable
encased in a load-bearing steel-wire armos as a4 single assembly.

Asother innovation was a cojuplete duplication of the vlectrical mstallation, located
on opposite sides of the ship, Because of this dual arrangement, 1 temporary installaticn
could be made on une side without disturbing the balauce, safety, or orderliness of the
other. In addition, if some mishkap rendered equipment inoperative on either side, an
exuct duplicate was immediately available, The high power capabilities of the transdurers
called for novel and more powerful energy sources for the drivers than had previousiy
been employed, To attain this goal, two novel electrical rotating macnmery systems were
used; the 5-ke diesel driver (8) was developed f=, (his system, and a motor -geaerator set
used in conjunciion with a conventional electymnic driver, a svsiem employed briefly in
the LRS 1-10.

THE SYSTEM

The system consisted of elements which were described in delail in Ref. 4. These
elements can be grouped into six classes.

1. exterior components

a. Transducers

b. Towed body

c. Tilt-train mechansm
d. Handling mechanism
e, Cable

CONFIDENTIAL
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&

Trassmission components
3. Reception components

2. Receivers
b, aplays

4, Program contrel
&, [pgearch auxiliaries

2. Monitors
b, Data-recording systes:

8. Trapsient equipment

The system was installed on L8M-388.* Figure 3, taken from Rel. 7, shows the
location of the center well, the transducer. and fish sireaming, It alsc zhows the Jocation
of the sonar spaces. Figure 4, taken fro1- Ref. 4, is a block diagram of the system.
Detnils of construction of all the units of the system are contained in the NRL Maintenance
Manual for the §-kc 2quipment. t

SPECIAL SIGNAL - PROCEZSING DEVICES

A sonar signal -processing device used in this program but not described in Ref., 4 is
known as the Narcow-Band Selective-Time-Delay System (NB-STDS) and was developed
for operation with the LRS 2-5 equipment. The techniques employed in this system are
similar to those used in the Selective Time-Delay System operated successfully at 10 ke
{Ref, 3). The NB-STDS consists of a signal source which generates a train of equally
spaced, {requency-coded pulses which are amplified and applied to the transducer t¢ form
a multipie-pulse ping, and a sperial receiver and display unit for processing the return
{from the ping. .

The oulgoing ping consists of eight 300-millisecond pulses, transmitted at the rate
of one per second, Each pulse {n ‘he train is transmitted at a frequency 7 cps lower than
the preceding one. Own-doppler compensation i3 applied to insure that the center of the
desired fraquency band is present in the water,

Returning signals and noise ave amplified in a variable-gain amplifier controlied by
a modifted TVG function. This function could be manually adjusted to give ar approximate
fit to any of a variety of reverberation conditions. The signals ary then z,pled to an
array of contiguous narrow-band filters, each having a bandwidth of 7 cps. The outputs
of the Individual filters fo the array are detected, and the resuiting snvelopes are dis-
played on adjacent channels of a specfal multipen chemical recorder. The pens are dis-
placed along the time-base formed by the moving recorder paper so that echioes appeared
as regular horizontal patterns in a random background.

*Phe Aegiznation ts now EAG-398,
18incs this soner i sntirely experimental and oaly one »xista, the maintenance manuval

has not been distriv-ted, huowever, if more interest sxiats for further particulars of the
uns. designs than given here, they may be obtained from this Laboratory.

CONFIDENTIAL
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Fig. 3 - Drawing of LRS 2--5 ays#tem
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The technigues employed in the NB-STDS include two significant departures {rom those
employed in the carlier 10-kc device. The use of very narrow fiiters not oaly yields an
improved signal-to-ncise ratio by reducing the nolse energy accepted in any given channel
but also provides quantitative doppler information to aid in classifying aad tracking sub-
merged targets. The use of a new multifingered stylus in the dispiay recorder greatly
increases the number of just-noticeable differences which can be discriminated visually(10).
Under optimum conditions, intensity differences of 0.3 db or less can be cbaserved.

The NB-STIDE was deveioped specifically for use with the LRS 2.5 sonar system. As
such, it docs not represent an operational device, To reduce the complexity of this experi-
mental signal-processing equipment, only 12 fiiters were incorporated in the filter array.
It was assumed that field operations would be conducted with controlled targets and that
the approximate range rate would be known. Thus, using heterodyne techniques, the
filter array could be adjusted on the basis of a priori information to permit “target-
acquisition” studies with simple equipment regardless of range ru«te. Without such an
arrangement, an 2:ray of more than 30 filters would be required, with attendent acditional
complexity of display techniques.

The sonar system, including the transducer, electronics, vehicle, and spectal devices,

was thus devised. It became available for research in equipment degign and, should that
prove satisfactory, for research in acnustic oceanography.

CONFIDERTIAL
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CHAPTER I
OPERATIONS AND DATA

INTRODUCTION’

The preceding chapters described e snalysis which predicied that long detection
ranges appeared altzinable by active sonar and described briefly the success otalned with
one madel, the LRS 1-10. There {ollowed & description of the equipment used in a second
modul, LBS 2-5. ‘The present chapter describes the program of operattons, the develop-
men! of a cable suitable for the towing system, and the acoustic and oceanvgraphic data
which were ortained with the equipment,

‘The data obtained with the LRS 2-5 equipment were taken to provide udditional infor-
mation about the factors which control the detection ranges and to supplement the data
obtafned with the LRS 1-10 sonar. During the conduct of the ‘ests, however, it was found
that the sonar platform and vehicle were among the liralting {actors in the system beb:avior
and tnus in the sonar performance, ‘Therefore, a discussion of the platform 18 tncluded,
together with 2 description of the experimentation associated with ft.

The data obtained are limited in number but ure considered reliable., Even though
data are few, they may be useful to other workers in the {ield for comparisen with other
observations,

PROGRAM OF OPERATIONS

Shipyard planning for the LRS 2.% shipboard installation on the USS LSM-398 com-
menced {n August 1953 at the Norfolk Naval Shipyard.

The ship's modification as contemplated required the instaliation of a well 30 {t long
and 12 f1 wide on the centerline, about 50 {t from the bow, Two well cavers, to keep the
opening normally closed, can be opened by rolling fore and/or aft on rails mounted on the
main deck, A platform constructed above thr weil provided support for an electrical-
cable winch and a towing winch to launch and retrieve the towed body. Compartmentation
wasg provided by covering the main deck partially 3t the sugersiruciure deck level and
dividing the enclosed space with suitable bulkheads.

Trials at sea early in April 1954 revealed design deficfencies in the towed-body
handling gear which would require rather extensive modification to provide the strength
and torque required to control safely a 15-ton body at sea. Since plans for changes to
structure and machinery were estimaled to require about a month, the ship was brought
1o NRL for instaliation of as much of the electronics portion of the zystem as time would
aliow.

.

The ship returned to the Norfolk Yard around the middle of May, The design and
shop wo % required were considerably greater than had been originally estimuted, nud the
tmproved handiing system was not ready for its second sea trials untfl August 38, 1954.

4+
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Launching and retrieving exercises in sea stales up to fave and or various headings
with relation to the direction of the sea showed that surging of the water in the wel!
presented a hazardous situation from both ship and equipment standpoints. However, it
was found that steaming downwind at a speed about equal to that of the wave advance gave
calm enough water in the well for oporation up to sea state four,

After successful launching techniques had been ack‘eved, the problem of coupling two
cables (the towiag and the electrical cables) and streamintthem into andc .t of the ses with-
wut damage 10 either was undertaken, The tandem-~towline technique was the first method
employed, and manv of the problems associated with this technique were solved, How-
ever, due to difficuities in handiing the electrical cable, the tandem towline was succeeded
by a single electrical tow cable.

Field tests were begun on Febrvary 14, 1955 and continued until November 30, 1955.
A total of 517 operating hours were executed by the LSM-398, of which 202 hours {in 33
days) were in conjunction with submarine targets. A summary of these operations is
given in Tablc 1. Operations wzre carried out under various water-temperalure condi-
tions, sea states, and water :ieplhs,

The first period uf operation was largely concerned with checkout of the electronic
equipment, The second period was eniploved in determing the characteristics of the NRL
XM-1A transducer (5}, a magnetostrictive transducer. In the third period, the shakedown
of the system was completed, and the AT-258 transducer (6), a barfum titanite trans-
ducer, was installed as a replacement of the XM-1A and tesis»d Juring June.

False-target identification work was underaken in August, including echoes from
regis or submerged hills. These investigations were conducted in 200 to 500 fathom waler
Southwest of Bahuma Island, Operations {n midsununer in the waters between the Virginig
Capes and Bermuda consistently showed' that when a sharp negative gradient (5 dey,”100 ft)
approached the surface, echo ranges were cut to 1500 vd or less. Operatwns 1n September
wer? ronducted in Bermuda waters for ten dayvs wumediately after the passuge of
Hurricane Inne. This disturbance mixed the surface waters to such an extert thuat iso-
thermal layers {from 230 {t at the start to 170 1t at the end of the period existed, Frhu
rangiag on a sebmarine with such laver condit:ons was consistently better than during the
midsummer operation. Attempts al skip-distance echo-ranging were made on two uted-
s:0n8 when the layer temperatures were 83° and 79°F and the water depths were approxi-
mately 2600 and 2000 fathoms respectively, withoat success,

The four remaining periods of operation at sea were used to obtain further propaga-
tion and classification data and in testing sperial systems of pulse transmigsinn, Sea
trials were terminated on November 30, 1955,

THE TOWING SYSTEM AS A SONAR PLATFORM

The combination of the LSM as a research vehicle and the center-well towad equip-
ment a8 a research tool provided NRL with a new experience in sonar platforms. The
towed sonar equipment of the LR8 2-5 system was designed primarily as a convenient
and economical means of placing the transducer it (he water. The detaila of this system
are given in Ref. 4, and a discussion of the advantages and Jdisadvantages of this arrange-
ment is presented in Chapter II of this report,

In the LEM installation, where weight and size of the towed equipment were of minor
importance, the major diificuity was encountered with the towline. Low-drag, stable,

CONFIDENTIAL
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Table 1
Program of Operations
Dates Opezating Hrs. ) H :
1955 [ Total| Submarine Types of Operation Targets |  Area | Range (Kyd:
= =k e ey
i 13 - 21 Feb 32 - | snakedown Of opportunily| Va. Capes 18
P 7«11 Mar 3 - Equipmeid calibration - Beam - ! Va. Capes -
Patterna - Notse lneasurements ! ]
1
14 - 16 Mar 24 - Ships machinery noise measure- - Va.Capes | -
ments
4 -7 Apc 41 - Transponder caltbration - ! Va. Capes -
11 « 26 Apr 54 - Sonar ranging - Bearing Transponders | Puerto Ricep 32
resolution
i 14 - 18 June 21 - Noise measurements - AT-258 - ! Va. Capes -
: 20 -~ 23 June ' 26 26 Propagation - Echo ranging Submarine Va. Capes I 13 j
5 - 14 Julv 53 1 53 ! Echo ranging USY GRAMPUS; Bermmda | 21
. Y . ¥ i i H
2 - ¢ Aug 22 28 . Propagatiun - Resolution | USS BURYISH, | Va. Capes | 4.5
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vibration-{ree, long-enduring lines are hard to come Ly, particularly when they are
reguired to operate at ship speeds of 20 knots and above, The low maximum speed of

the LSM, 12 knots, along with the weight of the towed body (20, 000 pounds in water]. made
unimportant the low drag requirement. Drag, stability, and vibration of a towline var be
controlled by a well-designed fairing, bul with drag not a factor, !t was decides 1o try

the tandem towline, with which sume measure of success was had when uged with smaller
sized equipments. The tandem line effectively controls stability and vibratior, but its
drag is approximately as great as that of a single round cable.

The development of the tandem line was instigated by the work dune by DTMB (11} on
rigid pipes in tandem, 1 an investigation relating to submarine periscope vibraticus. e
initial studies on such towlines by NRL is reported in Refs, 12 and 13. The tander line
used on the LSM-353 for the work on the LRS 2-5 sun’ v consisted of a leatfing line, stand
ard 1-1/2-ip. -diameter wire rope, {ollowed by a rubber.rovered elecirieal cable of the
same diameter, separated one diameter by steel clips; the cling were space § every two
feet along the lengih of the cable, Tt appeared that the tundem towimme would be un eco-
nomical substitute for the faired towline, insofar as stability and vibration are concerned.

No success was had with the tandem towline in this program. It is believed that this
was hot due to a {aifure of the basic idea but rather to the way the towline was emploved.
Many difficulties were encountered; among them were tushing oi ihe clips as the towline
passed over the sheaves, the clip-unchp handling procedure {the electrie vable and clip
were reeled under slight tension on a separate drum from the wire rope, agiin to negate
crushing loads on the clips), and fragility of the rublier~covered eleviri - cable exposes
to the mechanival bazards of reeling over sheaves and past roviers, With the expertmentad
work in acoustics in a state of jeopardy because of these difficulties and the concomitant
delays for repairs, a new towline was adopted.  This substitute was 4 syecwl electrical
tow cable which vonsisted of a plastic-sheathed multisonductor cavls (electrical porton)
surrounded by two opnasitely wound lavers of galvanized improved plow tecl wires
(strength portior), making a total diamecer of about two inches,  Thas ¢ ble ha a cajeo
lated breaking stirength of 235, D00 pounds.  The use of such a cable, which s allewed (o
stream through the water withonl any weasures being raken jo redace either s drag or
vibration, is pormssible only because of the slow speed of the towing slup. Yhe drog of
the cabie is small at low speeds when only 100 £ 15 pagd om, and the wewht of Vthe cable
and, more important, the weight of the towed Lody was sofhoienily huzgh to give o good
towing configuration.

The special electric tow liae was not a complete success at first try.  The vibration
of the cable under tow caused a mechavical breakage of many of the small electric con-
ducrors located toward the periphery; however, none of ihe larger couxial (ondurtvrs,
located about the center, ever broke during cumulative periods of towing totalling several
hundreds of hours, A redesign of the electric cable whirh provides for more flexible con-
ductors and locates the smaller conductors toward the cenlsr of the cable is expected t¢
eliminate the breakage when it is used on future sonar fieid tests. * Two other mechanicai
factors were intrroduced to minimize couductor breakage due to cable vibration, These
were the precaution of changing towing depth a few feet every few hours to prevont exces-
sive working of a discrete portion of the cable at the tow point, and the incorporation of a
large-radius towing *horn. > This horn was installed on the carriage, replacing the towing
sheave., This horn is an assembly of four plates, eacn of 3 single plane of curvature suffi-
cient to provide 1 bending radius of four feet for tne vabie in both the fare, aft, and athwart-
snip directions. It eliminated the local high strains on the cable caused by the flances of
the towing sheave.

*This proved to be the case in subsequent experiments thwing a I-¥~ 2onar,
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PROPAGATION

A generwl discussion of propagation loss term 18 given in Ref. 3, together with its
meaning and methods of measurement. The assumptions and analysia made in that report
are again employed. Newly acqrired data, subsequent to the publication of that report, do
not change those previcus assumptions.

Duct Transmission

in experiments on transmissisn ihrough surface-bounded ducts, shere were both echoes
and one-way-transmissicn observations. In the one-way transu:ss:.ns, the observed
leakage was 1/2 db/kyd uncier the following cnnditions: sea state 1, duct thickness oi 200 it,
transducer depth 50 ft, and surface temperaaire 78°F. The value of 1/2 db/kyd for leak-
age was arrived at in the following way, Data were taken from a short range of 1000 yd
{one way) to 70,000 yd. A calibration lavel was established at range 1000 yd, and cylin-
dricai spreading was assumed between 1 sind 70 kyd; 1.e., 10 log R between R =~ 1 and R+ 70,
where R = range in kyd. The total loss between 1 kyd and 70 kyd was measured as §2 db;
of this loss, 18.5 db 15 duw to spreading (10 log 70) and 7.7 db to alsorption (14). The
remaining loss, 35.8 db, ia considered due to lenkage out of the duct.

The numerical value for oy {leakage coefficient} is somewhat lower than reported in
Ref. 15. Figurc 5, taken from xx'i\at report, shows the summary of earlier work on this
subject and 18 a plot of leakage coeificient as a funciion of frequency over the interval 1 to

5 ke, However, a value of 0.5 db/kyd checks clogely with a formula presented in the SADD
report (16).
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Bottom Reflections

In Ref. 18, measurementa ars presented which shuw that the sound retiected i, v the
botton had 4 beam pattern which was much broader than the beam pattern of the incident
sound, Figure § (17) sumarizes these data.
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Fig. 60 - One-vay propagation 10ss over a bottom~reflected
path using a directional sransmitter

On October 8, 1985, measurements were taken in 1500-fatham water off Norfolk at
latitude 36°N and longitude T5°W, at 2 spot selected for its uniformity i.. “rpth. One-way
propag...ion by way of the bottom-refiacted path was measured using a 5-k¢ vuaasducer
(directivity tndex 22 db), tilted down 20 deg; the range was closed from 37 kyd to 6 kyd.
In processing the data, the recelved level was 2irot corrected for divergance 1nd absorp-
tion losses and then scale plotted against range. ‘the resulting response curve peaked at
about 16 kyd, although it was expected {rom the geometry o peak at 13 kyd.

In Fig. ¢ is shown a plot of response vs range. Also, shown as & dashed line, 18 2
theoretical response curve which assumes specalar reflection. The received level 18 in
db referred (6 an arbitrary refevence level. This might be conaidered squivalent to an
increase in vertical beam width and consequently & reduction in the directivity lndex. Xt
was estimated that this effect would reduce the intensity of one-way transmissions by
10 db, and of echose (J-way transmissions) by 20 &b, These data help explain previous
bottom -reflcction dats where one-wAy measurements with directional tvansducers give

el 2 B



18 NAVAL RESEARCH LABORATORY CONFIDENTIAL

several db greater boltom loss than nondirectional sources. These differances were {irst
interpreted to mean that the bottom absorption losses varied widely; they are now inter-
preted to medn that there was i diffusion of the energy in the directive beams, while such
ditfuston was not possible in nondirective sourcea. The method of criculation is given in
Fof. 18. Schulkin and Marsh (18), analyzed a large number of reflection data at several
fraquenciea, Figure 7, taken from that report, summarizes their data.
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Fig. 7 ~ Bottom ioss as a function of grazing angle

In Ref. 19 are reported one-way transmissions via the bottom botween 18 miles anc
28.5 miles under the {ollowing cunditions: surface temporature 82°F. temperature gradient
-17°F [rom surface to 250 ft, water depth 2300 fathoms, submarine at periscope depth,
transduces tilt zero degree, and transducer directivity index -24 db. However, no numer-
ical vatves of bottom reflections were obtained.

In addition, 2 {ew data were obtalned off the coast of Charlesion, Soutn Carolina.
Echaes {rom 2 submarine via the bottom-refiecied path were obtained at » range of 18,000
yd in water 2700 fathoms deep and an isothermal layer of 100 §i. Echues via the Lottom-
reflected path were obtained on & surface ship out to 24,000 vd, in shallow water {300 to
400 fathoms deepl. In this last case, it is probable that there were more than one bottom
reflection and hence surface reflection and that the graging angle was amall. This being
80, the bottom-refiection loases could not have been very large. Multiple reflections from
the bottom in moderately shallow water constitute & potential acoustic path which could
yield long detection 1unges.

Skip Paths

On the convergence zone study, thera are a {ow obaervations and coustderanle theoret -
ical analysia of the probebie occurrence of the convergencs: zones, According to geograph-
fcal Jocation. Some calculmtions of xones of acoustic vonvergence in the Atlantic Ocaan
were made and repurted in Rel. 20. The report purports to determine the character of
the northers Atlantic Ocean with regurd to its feasibility a3 8 medium for convergence-
sone transmission of underwater sound. Utilixing the gross but adequate biilneay
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approximati- i to the actual velocity profile, convergence zones throughout the northern
Atlantic have been determined. Charts are given which divide the ocean into aress where
this propagation path definitely exists, where it does not exist, and where it may or may

not exist. Approximately 50 percent of the northern Atlantic is available for convergence-
zone transmission =t all times, and approximately 75 percent is available during the winter.

The parameters invelved in this calculation are the surface temperature Ty (or vel-
ocity Vg). the water depth [y, the minimum acoustic velocity (or the water depth at which
the minimum acoustic velocity is reached); and the velocity gradients in the two layers,
Ia addition, as “initial conditions,” the angle of inclination of the sound ray is required.
1t turns out that at the depth Dy ax which the sound velocity is equal to Vj, the direction of
the sound ray is equal to its initial inclination at the surface. Thus, at this dep’ 1 the ray,
whose angle of inclination at the surface was zero, could be considered to begin its ascent
in the ocean. Rays with negative angles of inclination at the surface b=zin their ascent at
depths somewhat greater than Dg. Thus in order {or the rays not to be intercepted by the
bottom, and for convergence tc occur, the water depth Dy must be greater than depth Dy.

Assumptions were made about the way the velocity of sound varies with pressure.
This is the determining factor in the velocity gradient in the lower layer. The conventional
value of the velocity-depth coefficlent is 0.18 ft/sec per ft depth. In this report, the value
0.16 ft/sac per ft depth was used. This number wag used in order to obtain calculated
range results consistent with observed convergence-zone ranges. The precise reason for
the necessary departure {rom the numerical value of the velocity-pressure gradient alone
is not obvious.

On several occasions, asttemipts were made to study convergence in the (feld. On only
one of these expeditions was this the primary problem uander consideration. The lucation
for that work was north of Duaoyto Rico in 4000 [athoms, and tn such deep water there was
no question about the existence of the path. All other trips invelving convergence-zone
study as 4 subsidlary topic have not been fruitful. Some reasons for lack of sucecess ard
the 1ollowing:

1. extreme difficulty in locating the zone
(navigational difficulty)

2. guestionable power capabilities and fnability 1o steer
the beam (oward the target

3. weather conditions forcing the expeditions to be
curtailed.

In more recent work, difficulties (1) and (2)were elinrinated largely as a ve-ult of the
experiences here deseribed.

TARGET STRENGTH

Target strength of the USS BURRFISH was measured on August 2, 1955 using the trans-
ponder method,; that is, the ¢cho level from the submarine’s hull was compared with the
transponder signal of a known level. In general, there was little difference in th» messured
values from those reported earlier. Most data points were taken at beam aspect{$0deg),
and at 140 deg. The average of i30 echoes at beam aspect gave a value of 30 db. The .
average value of target strength at aspect 140 deg was 18 db for 70 echoes. Date were taken
between the ranges 1100 yd and 3500 yd.
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Other measurements on August 4 at the shorter range of 700 to 1000 yd gave atmilar
values {or targst strength. As is usual, the values of target strength showed consideray's
fluctuation. Lata points are concentrated about the S¢-db value, with a few being as high
as 40 db an4d a few 28 Jow as 20 db.

BACKGROUND ITERFERENCE

The unwanted rignals againat which echoes raust be identified are known as interfer-
ing background, backgroond nolse, ste. Limfted data on two components of the background,
self-noise and reverberation, are here presented.

Self-Noise

The self-notge in the LRS 2-5 transducer was measured in terms uf the voltage induced
in the transducer, and it was interpreted in terms of the pressure in db/1 pbar at 1 yd
{from the face of the transducer. Since these measurements show that the self-noise is
not isotropic, one cannot make the simplifying assumption that by reducing the observa-
tions by the directivity ndex, one arrives at 4 trye indication of the background noise.
Rather, the interfering noise was a function of refative bearing.

The best data were obtained on June 15, 1955, with the AT-258 n -unted on the L.SM-398.
With engines secured, sea state zero, and the transducer rigidly attac . d to the earriage,
the self-noise levels in a one-cyele band were as follows:

Bearlig Noise Level {Conventionai) Hmse Level V(Qbsen'ed)
000 -38.5 db - 14.5 db
a2 -28.3 db -4.5db
Reverberation

Cambined surfuce and volume reverberation curves were obtained by processing tape
vecourdings of reverberation by means of the “Digiter® described in Ref. 21, The record-
tngs were dual-chaanel tapes with signal on one chamel and the zerv1ime for the trans-
mitted pulae on the other channel. The pulse length was 300 miilise~ and the repetition
rate three pulses per minute. The averaging process was done electronically by the
Digiter, which oblained an “average value” over a 2-sec interval, by scanntng each isterval
in a sertes of ten 200-millisec gates.

The Digiter obtaing an integral of the voltage during 2 200-mi.sec interval. It then
skips 1800 millsec to sample the 200-millisec gate of the neyt S-sec interval and con-
tinues 1his procedure {or the entire seguence of putses. On the second yround, the Digiies
zero time ig displaced 200 millisec. and it then repests the process. In ten seconds, the

entire sequence of reverberation raturn is scanned.

‘The Digiter obtains & summation of the absolute values of the instantanecus signal
voltage during the gate periods. This summation {8 stored as 2 charge on a condenser. At
the end of the gate the condenser ts discharged through & reviator down to an index voli-
age. This discharge time, being lugerithmic, 15 used to gale 3 properly chosen frequency
to & counter 8o that the stored count will equal the db level of the signai. A printer then
scans the counter and prints the number stored in the counter,
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A printer prints a suitable number, one {ct each 2-sec interval. Thus for a 15-min
sample, 450 numbers are printedl. Since the pulse duration i8 20 sec, there are ten num-
bers per ping. An observer manually sorts out the numbers for the comparable interval
for each of the 45 pings, and an averige value is obtained. This is taken as the “average®
for each 2-sec interval. These average values were plotted in Figs. 8, 9, and 1U.
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From Figs, 8, 9,and 10, one can see that the decay rate for the combned surface and
volume revers.. ations at 5 ke is 9 decibels per distance doubled {db/dd). This value 15
the same as ovoserved at 10 ke (31, Sume bottum reverberation was also in evidence.
3irce the transducer was at zero tilt, the bottom reverberation gives an indication of the
refsaction conditions.

RECOGNITION DIFFERENTIALS

An evaluatlon of the peclormance of thie NB-STDS 22577 iLed on Chapter 11 was made
it the laboratory. The NB-STDS ptng generator was used as a signal source, and its out-
put was added in known proporiion to the Gaussian noise obtatned from a random nolse
generator. When the ovcurrence of the signals was random, observers were consistently
able to detecy the signals when the Jevel was 12 db oelow the rms Ievel of 4 1-ke band of
nolse. A small data sample indicates that 50-percent recognition occurs at about -20 db.

In the faboratery experiment. each pulse in the signal train had the same amplitude,
%t is known that significant varfations in amplitude are encounterad in & traia of sonar
echies. The ability of (he eye (0 Telognize pRileTns pelilsd &t GUBEIVEF O detect &n exha
using a display of the NB-STDS type even when pulse-to-pulse flucuations in the sigkal
cause discontinuities or “gaps® in the patiern. A quantitative ce.ermination of the signifi-

cance of this eflect is difficult to otadin.

It was decided that t'e most directly usefyl measure of performance would be a
detection-probability study using echoes from a submerged schmarine and moking direct
comparison of the performance of observers using the NB-£TD8 with detection results
obinined vither simuiianeoasiv or sequeniiaily with A-scan and aural iechniGuea. Tesis
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of this device were undertaken on field trips made in July ard November 1955. It was
plannec that 2 number of excercises would be conducted o obtain the desired compirisons
under marginal echo conditions, 10 determine “lost-cuntact® ranges for a vartety of ocea-
nographic conditions, and to evaluate the NB-STDS as an ald to classifying and tracking
submerged targets. Since no controlied target could be made available on either test,
quantitative data on recognition differentials could not be taken.

DETECTION OBSERVATIONS

In the course of this program, 47 detection observations were noted. Among them
were a number of transponder detections, several detections of reefs, 20 of submarines,
and 12 of surface ships. The dstections are shown in Table 2. Oniy the avbalasane targets
were controlled; the others were targets of opportunity.

Table 2
Tabulation of Detections to 20-kyd Range
Range(kyd) |Submarine{ Surface Ship{ All Contacts
0-5.0 6 4] [}
| 5.1-10.0 3 5 8
. 10.1-15.0 5 1 6
l 15.1-20.0 4 1 5 !
! over20 | 2 i 5 LA
| Tom | 20 | 12 32 ;
(AN BN SRk R SO e

The 32 observations are too few to draw conclustons as to the capabilities of the sonar
in ship detection. But 7 of the 32 contacts were at ranges in excess of 20,000 yd. These
are enough to show that equipment potential is not inconsistent with earlier predictions.

L I
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CHAPTER IV
RESULTE AND DISCUSSIGN

DETECTION ELEMENTS

As the long-range~search program advonces, une can present in order of prineuy
the important eiements in outatning long detection ranges. The factor which appears 1o
be most tmportant 18 2 good Acoustic path. Long detection ranges require the extstence
and acquisition of a suitable path, for by now it 1s obyious that without a path acoustic
equipment is of no avatl, The second element is a sonar capable of exploiting the path.
The parameters which ars significant in nromoting the efficiency ¢f a sonar In a path have
been discussed earlier {nthe repost. The third element {3 the scaar vehicle and platform,
Once a path is Jocated and 2 sultable sonar is available to exploit that path. then & sultable
vehicle and platform are required to transport the sonar tu the locativns of guod acoustic
paths, The vehicle aiso must be abl» to vperate efficiently at the desired or necessary
speeds and to provide a reliable and efficient platform for sonar operation.

The program showed that the means of conveying the sonar to the accustic path cin
be & serious proliym. The vehicle and platiorm are not to be taken {or grarcted, tal must
he worhed out {or vach case. The nereduury analysts and engineering are integral parts
of the sonar problem, dnd distinet from th ~cpustic and oceanographic avgects, The
LHS 2-5 program involved 1 mzjor study in sonar vebicl. ard platforns, since these werw
the Hmiting factors in the per{ormance of the LR 2 § wyse

DETECTION EQUIPMENT

Where 4 good surfice channel extats, presently developed detertion equipment is
wdequate, provideda suitable choice of power and frequency is made {or the sopar. That
combination can be arranged in a corcentent pquipment 1t 10 he, Stentficant increases in
ramie were not oblat- o8 2 3 ke with the LRS 2-5 over 10 ke with the LHS 1-10; this leads
to the conclusion that the LS 1-10 is adeguate for duct aperativns. The choive of W ke ts
nout tntended to be indicative that 10 ke 3« the uptituum {requency, but uply that fur suriace-
bounded ducts the LRS 1-10 sonar 15 2 good system. For paths other than surface-bounded
ducts, other frequencies might be better.

The 5-kc experience indicated that when an aceustic path existed, and when the trans-
ducer was placed in this acoustic path, fairly long detection ranges {20 to 25 kvd} could be
obtatned with the LRS 3-5 sorar. This conclusion is borne out by the tabulation of detec~
tion vbservations {aee Table 2}. The prediction of the occurrence of paths 18 then of prime
importance. This accerrenve may be precenied ds 3 probability with the vwo Jarameters
geographic location and time of the vear.

TOWING GEAR
The handling gear caused no substantizl delays; the preliminary engineering and the

shakedown tests provided the means to design and precure adequate andreliable auxiliaries.
The Iast element to yield to laborutury development 2au design was the cable. The advances
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in designing a satisfactory tow cabie huve now reached the point where it is possible to
make a cuble capable of towing the l-kc transducer without being subject to vibrational
failures.

The towed system was employed as the platform for many reasuns. The towed sonar
equipment of the LRS 2-5 system was designod prinarily as a conventent and economical
means of placing the transducer in the water. The transducer and the mechanism asso-
ciated with i for training and tilting were ¢ such a size that a conventional hull-mounied
installation was precluded primarily because of dry-docking difficulties. The size of the
towed body in the same wa) wade instaiiation on a destroyer-type ship out of the question;
this resulted in the choice of an LSM as the vehicle. On such a ship there was no problem
of space availability and weight and movement compensation. Further, choice in soray
depth can be 2n advantage, and a towed systéin, when successful, can provide the means ¢
obtain this flexibility (3). With the improvements in cable design and construction which
are being pursued in cornection with the LRS 3-1 program, the advantages of a towed, sur-
face ship sonar may be tested and realized.
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CHAPTER Y
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS
The i{ollowing conclusions are drawn as a consequonce of the reses ch so far described,

® Both in cesearch in underwater scoustics and in vperational performance, con-
stderation must be given to the entire ensemble of sonar, vuhicle, and platform.

#There are three necessary elements In sonar deieciion: the existence of an
acoustic path, a snnar system to exploit the path, and a relfable vehicle to transport the
somar to the path, The third factor is at least as tmportant as the {irst two and has been
largely vverivoked vy taken for granted In the past.

¢ Sonar depign {s sufficiently far advanced to permit uvs to build and use efficiently
very large transducers,

oThe sonar equipment (consisting of the transdgucer and its associated electranicr)
18 nut the lmitln, factor in 8 mar detection. The vehicie and the medium are the limiting
factors,

2Where a good channel exlsts, presently developed detertion equipment 1s adequate
W detect rwargets in that duct out o 25 kyd.
RECOMMENDATIONS
1t 18 therefore recommended that

® Research be conducted on the most sultable combination of vehicle and platform
for relizble delivery of the 25.2¢ eouipment to the various acoustic paths.

s Redearch on towing and cabte design be conducted. This research should be con-
ducted as a project in tself, and not ag a part o* 4 wonar preject.

o Oceanographic research be conducted on the extstenc: and probability of eccur-
rence of acoustic paths in addition to the four listed in Chapter L

LI I
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APPUNDIX A
DF TAILED Pu£ LIMINARY ANALYSIS

DISTINGUISHING PARAMETER
In Ref. 3,* {t was found conveniei.t to use the expression E, as a signiieant charac-
teristic of & sonar system. E 'without subscript) was defined as the excess in dectbels
of the echo level over the leva required for S0-percent probability of detection. The
quantity E; is defined as the hypothetical echo excess at a target range of 1 yd. The two
terms are relatad by the equation

E= E, - losses. (A1)

At the range at which the losses equal E; , E vanishes. At that range, ihere is a 50-
percent probability of detection.

The delineation of E, 15 contained in the followlug equation.
E -0, T-WN-a-8 (A2}

where

—

mtensity at 1 yd from the svurce
target strength
omnidirectional notse in a one-cycle baund

directaty index at reception

o p Z -

revognition differennial, i, the rativ of

Signds v uuise 11 3 one-cyele band aut f

the transducer 1ot 50-percent probability
of detection.

The value ol E, as a characteristic function lies in the fact that it takes into account
the radiation capabilities ol the equivment (1, and a), the conditions under which it will
be used (T and N}, and the effectfveness uf the signal-processing auxilfaries ().
ACQUSTIC PATHS

Four paths, deacribed in Rel. 3, are as {ollows:

. The surface-Lounded duct
. The reflection via the bottom
. Tae skip path

AW B e

. The submergcd duct.

*The same terminology #and aymbols uead iz the "Prelucinasy Anaiysis™ of Kef, 3 will be
empioyed here,
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in the LRS 1-10 program, the surface-bounded duct was {requently fourd and used exien-
sively. A few echoes were obtained by means of the bottom-refiected path. None was
observed in the {48t two categories, except shallow submerged ducts, as produced by the
afternocon effect.

w the LRS 2-5 program, attention was {ocused on the first three paths. When sub-
merged ducts ave deeper than 150 ft, they cannot be used, since the depth of submergence
of the transducer is limited to that depth. This consequently limits observation to shallow
submerged ducts.

EQUIPMENT CHARACTERISTICS AND PERFORMANTE

With the above considerations in mind, the effectiveress of the 5-kc equipment was
cuvisaged interms of B and thie llis wiieh would be exploited. On the basiz of expeni-
ence gained with the LRS 1- {0, confidence was felt that a system could be designed and
built with increased power, increased transducer size, and improved signal-processing
aevices. il was thought that a system with an E; of 192 db could be built although in the
very early plans an £, of 205 db was unticipaied,

RANGE ESTIMATFS

To estimate the ranges which this equipmunt »ould yield, the avoostic paths and loss
woefficients at 8 ke relnted to these paths need to be estimated. The absorption iy
obtained from Ref. 14,is equal to 0.1 dbb/hyd at 707 F. The leakage coelliciem o, . nlining
from Ref. 15, is cqual to 0.8 db/Xyd. The loss at bottom reflection vannot now Ué l‘bhhl.li(‘d
quantitatively, but past experienve indicates that the reflection coefficient is a function of
frequency and grazing angle. The best that can be said at this time is that the bttom-
reflection iosses at 5 ke should be less than at 10 ke,

The rownd-~trip losses in channels were given in Ref. 3 by the cguation
2L 40 Toy (000} = 20 Jug R ¢ GHeg ¢ i, (A3}
where R is the range in kilvyards and L is the one-way transmission joss, Assuming
2L - 192db- E,, a range of 25 kyds should be obtained m good surfuce channels, In
hottom-reflected paths, i s estimated that betier ranges than at 10 ke should be obtained.
The losses at skip pahg of 35 miles are given empirically by

2L > 33 log 1000 + 33 Jog (TON) + 20, {TON), (i4)

where N = 1, 2, 3, ..., the number of skip zones. When conditions are as good as this,
reception from the {irst skip zone should be possible.
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memorandum
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24 QOctober 1996

Burton G. Hurdle (Code 7103)

REVIEW OF REF. (a) FOR DECLASSIFICATION
Code 1221.1

Code 7100 po-301 974
(a) NRL Confidential Report #5160 by N. Shear, et al, Aug. 8, 1958 (U)

1. Reference (a) is a report on the research and development of the 5-kilocycle
active sonar, one of the phases in the reduction of the operating frequency of active
sonars following World War II. The major frequency of sonars during World War II
was 25 kHz. The research and development at NRL following the war progressed to
10 kHz, 5 kHz, and 2 kHz. This report includes the design of the system and at-sea
test results.

2. This technology and equipment of reference (a) have long been superseded. The
current value of this report is historical.

3. Based on the above, it is recommended that reference (a) be declassified with no
restrictions.
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